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A homogeneous linewidth of 85:6  4:4 kHz is reported in 60 nm Eu3þ doped Y2 O3 nanocrystals at
1.3 K. This linewidth was measured by two-pulse photon echoes on highly scattering powders using
heterodyne detection. Spectral diffusion was also investigated by three-pulse photon echoes and resulted
in a limited broadening of the homogenous linewidth of about 250 kHz over 120 s. Compared to
achievable Rabi frequencies, in the range of several MHz, these values show that rare earth doped
nanocrystals can be useful for applications in optical quantum information processing.
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Nanostructured optical materials have potential applications in nanoscale sensing, imaging, and quantum information processing (QIP). Long spin coherence and
efficient optical readout of defect centers in nanodiamonds
have been used to demonstrate hybrid quantum systems
[1], highly sensitive magnetic field detectors [2], or imaging [3]. QIP could be performed with quantum dots
strongly coupled to a nanocavity [4] or with single defects
in nanostructured silicon [5,6]. Providing extremely narrow optical and nuclear spin transitions [7,8], rare earth
(RE) ion doped crystals are especially promising for optical QIP. Indeed, photonic quantum storage [9–11], quantum gates [12], and qubit arbitrary rotations [13] have been
demonstrated in these materials. However, these experiments were performed in bulk crystals, which prevents
further advances, like coupling to nanocavities [14] or
other nanoscale quantum systems [1], and efficient single
rare earth detection. The latter, a key element in quantum
technologies [15,16], has been recently achieved in nanostructured silicon [6] and nanoparticles [17]. However, the
interest of nanostructuration is largely determined by the
coherence lifetimes which can be achieved, as dephasing in
nanoscale materials can be much stronger than in bulk
crystals [2]. In particular, previous studies on RE doped
nanocrystals [18–22] reported homogeneous linewidths
between 5 and 50 MHz, whereas typical Rabi frequencies
which can be obtained for RE transitions are in the MHz
range [23]. These transitions were therefore too broad to be
used in QIP.
Here, we report a homogeneous linewidth of 85:6 
4:4 kHz (coherence lifetime T2 ¼ 3:7  0:2 s) in
60 nm nanocrystals of europium doped Y2 O3 at 1.3 K.
To our best knowledge, it is the narrowest optical transition
reported for any nanocrystal. It was measured on powders
using our recent observation of photon echoes in highly
scattering media [24]. Especially, we took advantage of
the surprisingly high spatial correlation between echo and
0031-9007=13=111(20)=203601(5)

excitation fields to implement a sensitive heterodyne detection scheme. Three-pulse photon echoes also revealed
limited spectral diffusion over longer times, allowing
repeated optical addressing of ions on a 100 s time scale
after spectral selection. Our results show that RE doped
nanocrystals could be useful in quantum processing
applications.
Experiments were performed on 0:86 at: % Eu3þ : Y2 O3
nanocrystals obtained by a solvothermal method [25].
X-ray diffraction showed that the phase of the crystals is
cubic (space group Ia3), like that of bulk single crystals.
Using x-ray diffraction and transmission electron microscopy, we found a crystallite size of 60  5 nm. The value
was similar for different crystalline orientations, which
indicates an isotropic growth.
Figure 1(a) shows the experimental arrangement for
photon echo experiments. The output of a 1 MHz linewidth
dye laser (Coherent 899-21) was focused on the nanocrystals in the form of a powder, which filled a hole in a
copper plate of 2 mm diameter and 0.5 mm thickness. Two
glass windows maintained the powder on each side of the
copper plate to enable transmission experiments. The assembly was placed in a helium bath cryostat. The laser
frequency was set to 580.88 nm (vacuum) in resonance
with the Eu3þ5 D0 -7 F0 transition. The powder caused
strong scattering of the transmitted light and a speckle
pattern [Fig. 1(b)], limited by the cryostat windows
apertures, formed up. Ballistic transmission was less than
5  106 . The scattered light transmitted through the powder was collected by a 75 mm diameter lens and focused on
a 50 MHz bandwidth avalanche photodiode (Thorlabs
APD 110A). An acousto-optic modulator, operating in a
double pass configuration, provided pulse shaping and
frequency shifting of the excitation light. To avoid bleaching of the transition by spectral hole burning, the laser was
continuously scanned over 1 GHz within 1 s. Incident laser
power was up to 80 mW. To enhance detection, we took
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FIG. 1 (color online). Photon echo experiments on powders of nanocrystals. (a) Experimental scheme. (b) Speckle pattern observed
for transmitted light through the powder. (c) Schematic two-pulse photon echo sequence (top, echo pulse not to scale) and
corresponding signal (bottom). The probe pulse is shifted by 34 MHz for heterodyne detection. (d) Averaged fast Fourier transform
(FFT) of the heterodyne detection beat signal after a 20 MHz cutoff high pass filter.

advantage of the high spatial correlation between the
speckles produced by the echo and the laser, which enabled
heterodyne detection [24]. A typical two-pulse photon
echo sequence and the corresponding signal are shown in
Fig. 1(c). The first pulse excites the atoms coherences and
shows an intensity variation corresponding to a strongly
damped nutation [26]. This is attributed to two effects:
(i) the simultaneous excitation of optical transitions,
between ground and excited state hyperfine levels, with
different strengths [27] and (ii) the spread in Rabi frequencies due to light scattering in the powder. The second pulse
reverses the phase evolution of the atoms. At this time, the
atoms have already acquired a significant dephasing and
the shape of the second pulse corresponds to an incoherent
population transfer. The echo appears at t ¼ 6 s and
beats with the probe pulse, which is shifted in frequency
by 34 MHz compared to the two first pulses. This frequency was chosen for the best signal-to-noise ratio (SNR).
Averaging the Fourier transform of the detected heterodyne
pulse amplitude for 200 times results in a photon echo
signal with SNR ¼ 15; see Fig. 1(d).
The low temperature absorption spectrum of the
Eu3þ5 D0 -7 F0 transition is shown in Fig. 2. The absorption
line is well described by a Lorentzian profile with a full
width at half maximum (FWHM) of 17 GHz. This value is
remarkably close to the widths reported for single crystals
[28], showing that our nanocrystals have a high crystalline
quality. This is confirmed by the Lorentzian shape of the
absorption spectrum, which corresponds to strains caused
by Eu3þ ions themselves [29]. From the absorption

coefficient of a bulk crystal, we deduced an average light
propagation length of 2.8 mm in the 0.5 mm thick powder,
which is consistent with the relatively strong echo signals
observed.
Homogeneous linewidths at different temperatures were
determined from decays of the photon echo amplitude as a
function of pulse separation [30] and are shown in Fig. 3.
The decays were found to be close to an exponential [Fig. 4
(circles)]. At 1.3 K, the transition coherence lifetime was
3:7  0:2 s corresponding to a homogeneous linewidth
h of 85:6  4:4 kHz. This is 1–2 orders of magnitude
narrower than previously reported values in rare earth
doped nanocrystals like Eu3þ : Y2 O3 (monoclinic phase)

FIG. 2 (color online). Absorption spectrum of 0:86 at: %
Eu3þ : Y2 O3 nanocrystals at 3.5 K (black solid line) and
Lorentzian fit (red dashed line).
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FIG. 3 (color online). Temperature dependence of the homogeneous linewidth h measured by two-pulse photon echoes.
The solid line represents the linear fit to h ¼ 0 þ RT with
0 ¼ 62  3 kHz and R ¼ 18  1:6 kHz=K.

[18] or Pr3þ : LaF3 (embedded in a glass matrix) [22].
Possible explanations for this difference are the large size
of our nanocrystals, which could reduce surface related
dephasing, and their high crystalline quality, as evidenced
by a Eu3þ narrow inhomogeneous linewidth (see above).
Some previous studies also used spectral hole burning to

FIG. 4 (color online). (a) The circles represent the two-pulse
photon echo amplitude decay as a function of pulse separation at
1.3 K. The squares (respectively, triangles) represent the threepulse photon echo amplitude decays as a function of  for tw ¼
10 s (respectively, 40 s) at 2.7 K (inset: sequence scheme).
Solid lines represent exponential fits. (b) Homogeneous broadening as a function of tw . The solid line represents the linear fit
with a 2 kHz=s slope.
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determine h . This technique is only sensitive for long time
scales and is inherently limited by the laser linewidth and
thus generally not adapted to measuring narrow homogeneous linewidths. The h values reported in this Letter
are also much lower than those observed in diamond
nanocrystals or quantum dots, which are of the order
of 1 GHz [31] and 100 MHz [32], respectively. In
these two systems, however, h is limited by the excited
state lifetime T1 , whereas in our nanocrystals, T1 ¼
970 s (similar to that of bulk crystals [33]), corresponding to a negligible contribution of 330 Hz to h . Narrow
homogeneous linewidths result from the exceptional
decoupling of rare earth ions from environment, which is
due to the shielding of f electrons by closed shells. Our
result demonstrates that this decoupling is effective, even
in nanoscale materials. Indeed, in our nanocrystals, the
homogeneous linewidths are comparable to those observed
in Eu3þ : Y2 O3 transparent ceramics with 50 m single
crystalline grains [34] and even to values reported in some
bulk single crystals [33]. In these materials, dephasing
mechanisms were attributed to fluctuations in magnetic
field, due to impurities bearing a magnetic moment, and/
or in strain due to two-level systems (TLSs). The latter
were attributed to oxygen vacancies [33]. Coupling
between the TLS and the rare earth results in an approximately linear temperature dependence of h [33,35], as
observed in our nanocrystals (Fig. 3). Assuming for simplicity a linear dependence h ¼ 0 þ RT, we found 0 ¼
62  3 kHz and R ¼ 18  1:6 kHz=K. As the slopes R
determined in single crystals were in the range
1–10 kHz=K [33], it is likely that the nanocrystals also
contain TLSs, possibly related to oxygen vacancies.
Additional dephasing processes must, however, be present,
since the homogeneous linewidth extrapolated at 0 K,
where TLSs are frozen, is 62 kHz. In comparison, it can
be as low as 760 Hz in the best Eu3þ : Y2 O3 single crystals
[36]. This difference could be due to impurities bearing a
flipping magnetic moment, with a fast and temperature
independent rate. The same dephasing process was suggested to explain the homogeneous linewidth of 59 kHz
Eu3þ : Y2 O3 in a transparent ceramic [34].
Spectral diffusion [30] is also a concern for repeated
optical addressing of spectrally selected ions. It results in a
time dependent broadening of the homogeneous linewidth
and can be probed by three-pulse photon echoes, on time
scales up to the excited state population lifetime T1 [37]. In
these experiments, the first two pulses, separated by a time
, create a spectral grating by converting the initial coherence into ground and excited state populations. The third
pulse, separated from the second one by a time tw , is
diffracted on this grating and produces an echo. Spectral
diffusion, i.e., frequency shifts of the optical transition due
to random fluctuations of the rare earth environment,
gradually erases the grating during tw , and the echo amplitude A is expressed as
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[3] P. Maletinsky, S. Hong, M. S. Grinolds, B. Hausmann,
t
A ¼ A0 exp  w exp½2eff ð; tw Þ;
(1)
M. D. Lukin, R. L. Walsworth, M. Lončar, and A. Yacoby,
T1
where the effective linewidth eff depends on  and tw in
the most general case. Echo amplitude decays were
recorded at 2.7 K as a function of  for tw values between
0 and 120 s. This range was limited by SNR since T1 ¼
970 s. The decays were found to be exponential, indicating that eff depends only on tw [Fig. 4(a)]. At tw ¼ 0, the
three-pulse echo reduces to the two-pulse echo sequence
and eff ¼ h . Figure 4(b) shows that the homogeneous
linewidth broadening ðtw Þ ¼ eff ðtw Þ  h increases
approximately linearly with increasing tw , with a slope of
2 kHz=s. Assuming a flipping rate of the impurities’
magnetic moments larger than 1=T2 , the corresponding
dephasing results in a broadening effective on a time scale
of  and independent of tw [37]. On the other hand, TLSs
have broad flipping rate distributions affecting linewidths
on very large time scales [38–40]. The homogeneous linewidth broadening over time ðtw Þ could therefore be
attributed to the TLS identified in the previous section.
Concerning quantum processing applications, the broadening of the homogeneous linewidth is   250 kHz
over 120 s, much smaller than the achievable Rabi frequencies (1–10 MHz). Once an ion or an ensemble of ions
are spectrally selected, this would allow one to optically
address them repeatedly over 120 s. It would also be
useful to measure  over longer time scales by spectral
hole burning. This was not possible with our setup since the
laser had a frequency jitter of several MHz, which limited
the width of the observed holes.
In conclusion, we have observed an 86 kHz homogeneous linewidth in 60 nm europium doped nanocrystals at
1.3 K. This was measured by photon echoes on a highly
scattering powder, taking advantage of the high spatial
correlation between exciting and echo fields to increase
sensitivity by heterodyne detection. The observed homogeneous linewidth, about 2 orders of magnitude lower than
achievable Rabi frequencies, and its limited broadening
over time by spectral diffusion, 250 kHz on time scales
of 120 s, demonstrates the potential of rare earth nanocrystals in optical quantum information processing.
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